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A B S T R A C T

In this work, we consider systematically the influence of uniaxial strain and external electric field E on electronic
properties of a monolayer InSe using ab initio approach based on density functional theory. Our calculations
indicate that the monolayer InSe has a medium indirect energy bandgap of 1.38 eV at equilibrium. The calcu-
lated results also demonstrate that we can adjust the bandgap of the monolayer InSe by strain engineering or
electric field. The bandgap of the monolayer InSe changes dramatically when the uniaxial strain is applied.
Especially, under the compressed uniaxial strain, an indirect–direct bandgap transition has been observed at
certain elongations. Within the electric field magnitude E range from 0 to 5 V/nm, the calculated results show
that the negative electric field changes the bandgap of the monolayer InSe up to 23% while the positive electric
field effect on its bandgap is negligible.

1. Introduction

Since the experimentally discovery by Novoselov and co-workers in
2004 [1], graphene has been one of the most research-intensive mate-
rials. Success in graphene research is a very positive motivation for
scientists to study other layered materials, both theoretically and ex-
perimentally [2–9]. Recently, other novel two-dimensional (2D) mate-
rials have been discovered, including monolayers of transition metal
dichalcogenides [10] and monochalcogenides [11]. Among them, the
monochalcogenides come out as materials that have many applications
in optoelectronic and nanoelectromechanical devices [12–14]. The
monochalcogenides have a large natural bandgap, which overcomes the
disadvantage of graphene whose bandgap is zero. In the present work,
we focus on the 2D monolayer InSe material which has been recently
successfully synthesized [15,16]. The InSe monolayer with very high
carrier mobility [17], strong charge transfer [18], and broad absorption
spectrum [19] might be a potential candidate for applications in na-
noelectronic and optoelectronic devices.

Bulk InSe has a bandgap of 0.41 eV obtained by density functional
theory (DFT) calculations [17], and the band gap of the InSe material
depends strongly on its thickness or the number of layers [20,21],
especially an indirect-direct transition can occur with decreasing the
number of layers of the sample [22]. In the monolayer form, the geo-
metry structure of InSe belongs to the D h3 group-space and its crystal
structure is stable because the phonon spectrum does not have ima-
ginary frequencies [23]. Also, the monolayer InSe has outstanding
mechanical flexibility. Previous DFT calculations have been indicated
that the critical uniaxial strain along the zigzag (armchair) direction of
the monolayer InSe is up to 25% (27%) [24]. In addition, based on the
calculations of the Young’s modulus and strain–stress relations, Hu and
co-workers [24] predicted that the strain threshold of the monolayer
InSe is close to that of other two-dimensional layered materials such as
phosphorene which is stable under applied strain from −16% to 20%
[25] or monolayer SnS exhibits a superior mechanical stability with
compression strain threshold is up to −20% [26]. Using DFT calcula-
tions, Demirci and co-workers showed that the monolayer InSe is a
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semiconductor with an indirect energy bandgap of 1.37 eV at equili-
brium [23]. However, the indirect–direct bandgap transition may occur
when the structure is deformed, and it becomes a direct semiconductor
at proper elongations of the strain [24]. Besides, Wang and co-workers
indicated that, an electric field can enhance the mobility of carriers and,
in particular, increase the intensity of the absorption of gas molecules
[27]. This character of the monolayer InSe is especially useful for ap-
plications in gas sensors. Besides, the appearance of ferromagnetic/
antiferromagnetic ground states in the d3 transition metal-doped
monolayer InSe systems [28] is expected to have many applications in
spintronics. Recently, van der Waals heterostructures based on InSe
have attracted many research groups [29–33]. DFT calculations showed
that, although the bound between the graphene and monolayer InSe is
very weak, a tiny energy bandgap appears in the graphene/InSe het-
erostructure because of the sublattice symmetry breaking [32]. Al-
though above-mentioned efforts, the electronic properties of the
monolayer InSe have been not understood completely, especially under
external conditions, and need to be investigated further.

In the present work, we study systematically the electronic prop-
erties of the monolayer InSe in the presence of the uniaxial strain and
external electric field (E) using DFT calculations. Our work focuses
mainly on the influence of the strain engineering and the electric field
on the band structure and energy bandgap of the structure. Discussions
on the phase transition and the influence of E on the electronic prop-
erties of the monolayer InSe are also addressed in this work.

2. Model and computational details

In the present study, all the calculations of the structural parameters
and electronic properties of the monolayer InSe are performed by the ab
initio calculations based on the DFT, which was implemented by the
Quantum Espresso package [34] with accurate projector augmented-
wave (PAW) pseudopotentials [35,36] and the Perdew-Burke-Ernzerhof
(PBE) exchange–correlation energy functional [37,38]. In addition, in
order to describe exactly the van der Waals interactions, which may
exist between In and Se layers, we use the DFT-D2 with London dis-
persion corrections as proposed by Grimme (PBE+D2) [39]. The first
Brillouin zone (BZ) is sampled with × ×(15 15 1) k-mesh Mon-
khorst–Pack grid. We use 500 eV as the cut-off of kinetic energy for
plane-wave basis in our numerical calculations. The monolayer InSe
structure is fully relaxed with convergence criteria for the force acting
on each atom and the total energy being 0.01 eV/Å and −10 6 eV, re-
spectively. In order to avoid the interactions between neighboring
slabs, a vacuum space of 20Å in the z direction is used.

To evaluate the influence of the uniaxial strain on the electronic
properties of the monolayer InSe, the elongation of the uniaxial strain ε
can be defined via the lattice constants as = −ε δ δ δ( )/0 0, where δ0 and δ
are the equilibrium and strained lattice constants of the monolayer
InSe, respectively. The external electric field in this study is applied
perpendicularly to the monolayer InSe plane (along z-axis as shown in
Fig. 1).

3. Results and discussion

In Fig. 1, we show the atomic structure of the monolayer InSe at the
equilibrium state. It is well-known that the structure of the monolayer
InSe belongs to the D h3 space group [23]. Our calculations indicate that
the optimized lattice constants of the monolayer InSe at the equilibrium
are = =a b 3.89 Å and the In–Se bond length −−dIn Se and the In–In bond
length −−dIn In are, respectively, 2.58Å and 2.81Å. The thickness of the
monolayer InSe at the equilibrium state is 5.35Å. These computed re-
sults are close to those in the previous theoretical studies [23,40]. In
this paper, the uniaxial strains from −15% to 15% were included in the
calculation. The minus sign refers to the compression strain. Our cal-
culations indicate that the In–Se bond length decreases from 2.58Å to
2.436Å when the compression strain varies from 0 to −15 %, whereas it
increases from 2.58Å up to 2.73Å when the tensile strain is increased
from 0 up to 15 %, respectively. At the equilibrium state, the monolayer
InSe is an indirect semiconductor and its energy gap is 1.38 eV. From
Fig. 2, we can see that the highest subband in the valence band (near
the Fermi level) has two maxima which are symmetric across the ver-
tical line passing across the S-point. The indirect bandgap is formed
from the lowest point of the conduction band at the S-point and one of
these two maxima as shown in Fig. 2(d). However, in this subband of
the valence band, the difference in energy between these two maxima
and the point just above the S-point is very small. Therefore, with
sensitivity to external conditions, we expect that this subband can be
changed leading to the indirect–direct energy gap transition in the
monolayer InSe due to strain or external electric field.

In Fig. 2, we show the computational results for the band structure
of the monolayer InSe in the presence of the uniaxial strain. In this
investigation, we perform the calculations for the uniaxial strains along
both directions in the plane of the 2D monolayer, i.e., the applied
uniaxial strain along the armchair εac (AC-strain) and the zigzag εzz (ZZ-
strain) directions. We find that, compared to the case of absence of the
strain, the positions of the valence band maximum (VBM) and the
conduction band minimum (CBM) are unchanged in the presence of the
tensile strains. Meanwhile, the effect of compression strains (in both
directions) on the band structure of the monolayer InS is very strong. In
fact, as we expected above, the compression strains change the position
of the VBM and lead to an indirect–direct bandgap transition as shown
in Fig. 2(c) in the case of the compression ZZ-strain <ε 0zz and in
Fig. 2(h,i,j) in the case of <ε 0ac . In these cases, we see that the com-
pression strains not only alter significantly the shape of the highest
subband of the valence band, but also the position of the VBM. As we
can see in Fig. 2(h,i,j), under the compression AC-strain <ε 0ac , the
VBM shifts to the point S wheareas the CBM remains unchanged from
the equilibrium state. Thus, the monolayer InSn becomes a direct
semiconductor with a medium bandgap opening at the S-point when
the compression AC-strain is presented. However, in the case of the
compression ZZ-strain, the monolayer InS is a semiconductor only when
the elongation of the ZZ-strain εac is around −5% because the com-
pression ZZ-strain changes both the VBM and the CBM. Our detailed

Fig. 1. (a) Top view, (b) side view, and (c) front view of the atomic configuration of monolayer InSe.
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calculations show that when >ε 5%zz , while the position of the VBM
changes and locates at the S-point, the position of the CBM moves to the
X-point as shown in Fig. 2(a,b). Thus, the indirect–direct bandgap
transition in the presence of the compression ZZ-strain occurs only
when the εzz is around 5%. On the other hand, while the electronic
energy band structure of the monolayer InSe is greatly altered by the
compression strains, it is quite stable under the tensile strains in both
directions. In the presence of the tensile strains, there is no in-
direct–direct bandgap transition and the change of bandgap is quite
small. The dependence of the energy bandgap of the monolayer InSe on
the uniaxial strains is shown in Fig. 3.

To estimate the effect of the uniaxial strains on the bandgap, we
calculate for the strains along both directions of the lattice plane. We
can see that, from Fig. 3, the difference between strain directions, i.e.,
ZZ-strain and AC-strain, is negligible. The bandgap decreases linearly as
the tensile strain increases. However, this decrease is quite small, about
20% with the strain varied from 0 to 15%. In contrast, under the
compression strain the bandgap increases (compared to the equilibrium
state), reaches a maximum at the elongation of −5% and then decreases
with increasing continuously the compression strain. The law of the
bandgap change versus the uniaxial strain in the monolayer InSe in the

present study is in good agreement with the previous first-principles
calculations by Jin and co-workers [40].

To have a deeper insight to the effect of uniaxial strains on the
electronic structure of the monolayer InSe, we investigate its partial
density of states (DOS) under strain as shown in Fig. 4. We can see that
the valence band is significantly contributed by the Se-p and In-d or-
bitals. The contribution of the Se-p orbitals to the valence band is
predominant while the conduction band receives more contribution
from the In-d orbitals. The contribution of the In-d orbitals to both the
valence and conduction bands is roughly the same. In particular, the
uniaxial strains (both compression and tensile cases) increases the
contribution of In-d orbitals and reduces the contribution of Se-p or-
bitals to the conduction band of the monolayer InSe. The contribution
of the s-Se and In-p orbitals to the electronic band of the material is
quite small compared to that of the Se-p and In-d orbitals.Fig. 5.

It is well-known that 2D materials, such as hexagonal boron nitride,
graphene or monochalcogenides, are very sensitive to external condi-
tions. Along with strain engineering, using external electric fields is one
of the easiest ways to control their electronic properties. In the fol-
lowing, we perform an examination on the effect of an external electric
field on the band structure and energy bandgap of the monolayer InSe.
The electric field E is applied perpendicularly to the 2D surface of the
monolayer (along the z-axis). It implies that the direction of the electric
field coincides with the positive direction of the z-axis. In Fig. 6, we
demonstrate the effect of the electric field E (with two opposite di-
rections of the electric field denoting by signs “+” and “−”) on the band
structure of the monolayer InSe. Our calculations demonstrate that,
within the limit of electric field magnitude E from 0 to 5 V/nm, there is
no indirect–direct transition occurring in the monolayer InSe. The de-
pendence of the energy bandgap of the monolayer InSe on the external
electric field is illustrated in Fig. 6. We can see that, the bandgap of the
monolayer InSe is almost unchanged when the magnitude of the ap-
plied electric field is in the range of 0 to 5 V/nm. Interestingly, while
the positive field does not change much the energy bandgap, the
bandgap of the monolayer InSe depends strongly on the negative
electric field (the electric field direction is opposite to that of the z axis),
especially at the large negative electric field. The bandgaps of the

Fig. 2. (a) Band structure of the monolayer InSe under uniaxial strains along the zigzag direction (a) = −ε 15%zz , (b) = −ε 10%zz , (c) = −ε 5%zz , (d) =ε 0%zz (at
equilibrium), (e) =ε 5%zz , (f) =ε 10%zz , (g) =ε 15%zz and along the armchair direction (h) = −ε 15%ac , (i) = −ε 10%ac , (j) = −ε 5%ac , (k) =ε 5%ac , (l) =ε 10%ac , and (m)

=ε 15%ac .

Fig. 3. Dependence of the energy bandgap of the monolayer on uniaxial strains.
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monolayer InSe at =E 5 V/nm and = −E 5 V/nm are, respectively,
1.37 eV and 1.06 eV. Compared to the equilibrium (1.38 eV), the posi-
tive electric field of =E 5 V/nm reduces only 0.4% of the bandgap
while the negative electric field of = −E 5 V/nm reduces it up to 23%.
This difference is due to the location of the orbital and differences in
vacuum spaces of the upper and lower face of the monolayer InSe. The
modulation of electronic properties of the monolayer InSe by the ex-
ternal electric field is important for prospective applications in nano-
devices based on electric field effect.

4. Conclusion

In summary, using the DFT calculations we have investigated the
electronic properties of the monolayer InSe under uniaxial strain and
external electric field. Our DFT calculations demonstrate that the
electronic properties of the monolayer InSe depend strongly on the
uniaxial strains, especially in the compression case. The compression
uniaxial strain not only drastically changes the electronic energy band
structure, but also leads to the indirect–direct bandgap transition in the

Fig. 4. Partial DOS of the monolayer InSe under (a) ZZ-strain εzz and (b) AC-strain εac.

Fig. 5. Band structure of the monolayer InSe under the electric field E : (a) = −E 5 V/nm, (b) = −E 3 V/nm, (c) = −E 1 V/nm, (d) = +E 1 V/nm, (e) = +E 3 V/nm,
and (f) = +E 5 V/nm.
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monolayer InSe. Our DFT calculations also indicated that the valence
and conduction bands are mainly contributed by the Se-p and In-d
orbitals. However, the uniaxial strain increases the contribution of the
In-d and reduces the contribution of Se-p orbitals to the conduction
band of the monolayer InSe. In addition, the possibility of controlling
the energy gap using the external electric field in the monolayer InSe
makes the material becoming a potential candidate for nanoelectronic
and optoelectronic applications.
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